To gain a global view of the early translational response to abiotic stress, we investigated genome-wide changes in mRNA translation in Arabidopsis thaliana suspension cell cultures exposed to brief periods of two types of stress: elevated temperature (37 ° C) and high salinity (200 mM NaCl). Microarray analyses revealed that polysome association of most transcripts, which were monitored by using polysomaland non-polysomal-associated RNA pools, was variably depressed by both stresses within 10 min. We also inspected coordination of changes in translational profi les with transcriptional profi les, and found no simple correlations between the changes in these two processes under both stresses. In addition, we uncovered that the 10 min heat-and salt-inducible changes in polysome association of individual transcripts affected specifi c biological functions differently; some functional classes were recalcitrant to the overall depression, while others were hypersensitive to it. Heat and salt stresses imposed similar, but not identical, changes in polysome association of individual transcripts, and the functional categories with differential responses from all other genes (i.e. recalcitrant or hypersensitive functional categories) displayed some overlap between the two stresses, suggesting similar underlying mechanisms. Our results highlight the importance of dynamic changes in mRNA translation, which include selective translation and extensive repression of a subset of transcripts, in plant abiotic stress responses.
Introduction
Alteration of gene expression triggered by a variety of abiotic stresses, such as elevated temperature, high salinity and drought, is an essential mechanism which allows plants to respond and adapt to adverse conditions, and thereby ensure survival. In addition to changes in individual mRNA levels in total RNA populations (steady-state mRNA levels), it has long been recognized that translational effi ciency of individual mRNAs dynamically changes in response to various abiotic stresses ( Bailey-Serres 1999 ), e.g. elevated temperature ( Key et al. 1981 , Nover et al. 1989 , high salinity ( Ben-Zioni et al. 1967 ) , dehydration ( Ben-Zioni et al. 1967 , Hsiao 1970 , Kawaguchi et al. 2004 and oxygen deprivation ( Sachs et al. 1980 , Branco-Price et al. 2005 . While synthesis of normal proteins is inhibited under these abiotic stress conditions, a fraction of transcripts is known to be recalcitrant to global translational repression ( Bailey-Serres 1999 ) . For example, anaerobic polypeptide genes such as the alcohol dehydrogenase gene escape global translational repression and remain actively translated under oxygen deprivation ( Fennoy et al. 1998 ) . Selective translational regulation of mRNA subsets is thought to be particularly important because of the critical functions of the encoded proteins in responding to abiotic stresses.
Recently, DNA microarrays have been applied to monitor changes in the translation state of individual mRNAs on a whole-genome scale in response to some abiotic stresses in Arabidopsis thaliana (reviewed in Bailey-Serres et al. 2009 ). The translation state is a parameter refl ecting the degree to which individual gene transcripts are translated into the corresponding proteins. Typically, the translation state is evaluated either by comparing mRNA levels in the polysomal (multiribosomal) and non-polysomal (free and/or monoribosomal) complexes in cell extract fractionated through a sucrose density gradient or by examining the correlation between total cellular and polysome-bound mRNA levels. In leaves exposed to dehydration ( Kawaguchi et al. 2004 , Kawaguchi and ,
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seedlings exposed to hypoxia ( Branco-Price et al. 2005 ) and cell cultures under sucrose starvation ( Nicolai et al. 2006 ) , it has been shown that the A. thaliana mRNA translation state is regulated differentially among different mRNA species; the majority of transcripts show varying degrees of translational repression, while a subset of transcripts escape such repression and remain actively translated. These studies have endorsed the importance of differential translational control in plant abiotic stress responses. Most recently, Branco-Price et al. (2008) reported that differential translational regulation plays important roles in energy conservation as well as in regulation of gene expression under transient oxygen deprivation, based upon a quantitative evaluation of translational and metabolic adjustments in response to that stress.
Elevated temperature (heat stress; HS) and high salinity (salt stress; SS) disturb cellular homeostasis in plants and can lead to severe retardation in growth and development, and even death. Plants exposed to HS or SS exhibit a characteristic set of cellular and metabolic responses. One response typical to both stresses is an accelerated transcription of a set of stressrelated genes, such as those encoding heat shock proteins ( Rizhsky et al. 2002 , Seki et al. 2002 . Moreover, HS and SS are shown to lead to a decrease in the synthesis of normal proteins in soybean seedlings ( Key et al. 1981 ) , tomato cell cultures ( Nover et al. 1989 ) and Arabidopsis cell cultures ( Ndimba et al. 2005 ) . While the translational responses to HS and SS have been examined at the cellular level, translational responses of individual transcripts to these two important abiotic stresses have not yet been characterized on a whole-genome scale, and the biological signifi cance of the response has not been assessed.
In this study, we performed genome-wide analyses of translational control in A. thaliana suspension cell cultures exposed to two important abiotic stresses, HS and SS. Since the most conspicuous advantage of translational control over other regulatory mechanisms of gene expression is of its immediacy ( Mathews et al. 2007 ), we focused on earlier (i.e. 10 min) responses compared with previous similar studies ( Kawaguchi et al. 2004 , Branco-Price et al. 2005 , Branco-Price et al. 2008 , Nicolai et al. 2006 . To obtain a better understanding of translational control in response to abiotic stress, networks of co-regulated mRNAs and the biological signifi cance of this process in plants, we conducted a number of further analyses. First, we focused on the responses of individual transcripts as well as of functional groups (subsets of genes encoding proteins with similar functions) that show a differential response relative to other genes. Secondly, we investigated the coordination of changes in translation state with accumulated transcript levels. The regulation of gene expression occurs at multiple levels, and it has been known that interconnections exist among these control layers ( Mazzucotelli et al. 2008 ) . Thirdly, we directly compared translational responses to HS and SS with one another. Although genome-wide transcriptome comparisons have been widely employed in plants under various abiotic stresses to uncover transcriptional control and signaling pathways critical for plant abiotic stress responses ( Chen et al. 2002 , Kreps et al. 2002 , Seki et al. 2002 , Rabbani et al. 2003 , no study has performed side-by-side monitoring of translational responses to different stresses on a whole-genome scale. Because the same experimental materials, methodologies and microarray platform were used, comparison between the two data sets could be straightforward. Through the analyses described above, our study uncovered trends in translational control of different mRNAs in response to a short period of HS and SS.
Results and Discussion

Genome-wide analysis of the polysome association of individual mRNAs
The experimental scheme for characterizing the translational response of A. thaliana cell cultures to HS and SS is shown in Fig. 1A . We monitored the infl uence of a short period of HS and SS on global polysome-mRNA association by separating cell extracts using sucrose density gradient centrifugation (polysome fractionation assay). Within 10 min of HS (shift from 22 to 37 ° C) or SS (addition of 200 mM NaCl to the culture medium), polysome profi les (254 nm absorbance profi le) showed a drastic decrease in polysomal (two or more ribosomes) regions and a concomitant increase in non-polysomal (80S monoribosome and ribosomal subunits) regions ( Fig. 1A ) . These changes indicate a decrease in polysome-bound mRNA and a concomitant increase in monoribosome-bound or free mRNA. These results are indicative of global translational repression following exposure to HS or SS, consistent with previous reports for several other plant species ( Ben-Zioni et al. 1967 , Key et al. 1981 , Nover et al. 1989 , Ndimba et al. 2005 . Translational repression following exposure to HS or SS was further examined by [ 35 S]methionine pulse labeling experiments, which showed that de novo protein synthesis in HS-or SS-treated cells is impaired relative to the control cells ( Fig. 1B ) . Because 10 min of HS or SS induces drastic changes in mRNA-polysome association but not in cell growth (data not shown), these stress conditions were selected for further analyses.
Next, the polysome association of individual transcripts in A. thaliana cells exposed to HS (37 ° C/10 min), SS (200 mM NaCl/10 min) and their corresponding control conditions (22 ° C and no NaCl, respectively) was evaluated on a wholegenome scale using DNA microarrays. Cell extracts were fractionated using the polysome fractionation assay, pooled to two fractions-polysomal mRNA (fractions 1-3 in the absorbance profi le shown in Fig. 1A ) and non-polysomal mRNA (fractions 5-7 in the absorbance profi le shown in Fig. 1A )-converted into Cy3-and Cy5-labeled complementary RNAs (cRNAs), and subsequently subjected to co-hybridization on Agilent Arabidopsis 3 Oligo Microarrays. Since the amount of total RNAs in polysome and non-polysome fractions is not constant for the four conditions, we spiked a known amount of in vitro synthesized RNAs into each fraction immediately at the time of collection of sucrose gradients ( Melamed and Arava 2007 ) . Since differences in microarray signals corresponding to spiked RNAs between the two fractions can refl ect the variation in preparation steps such as RNA isolation, dye labeling or hybridization, we can evaluate the actual distribution of each transcript within a sucrose gradient by normalizing to the signal of spiked RNAs whose expected ratios are 1 : 1 (see Materials and Methods). Two independent biological samples were subjected to distinct hybridization reactions, resulting in a total of eight hybridization reactions. The ratio of signal intensities (Cy3 : Cy5) of each spot provides the relative abundance of a given mRNA in polysomal over non-polysomal fractions. We used this ratio as an indicator of the translation state for each transcript and termed it the 'polysome score' (PS 22 , PS 37 , PS 0 and PS 200 for HS-control, HS-treated, SS-control and SStreated cells, respectively). A higher PS value indicates that a higher proportion of transcripts is present in the polysome fraction, potentially implying more effi cient translation of the transcript. After removing unreliable spots, microarray data sets were normalized and used for further analysis (see Materials and Methods).
Log 10 -transformed PS 22 , PS 37 , PS 0 and PS 200 data sets obtained from two replicate samples exhibited good correlations, whose r -values were 0.97, 096, 0.96 and 0.96, respectively ( Supplementary Fig. S1a-d) . Moreover, 95, 86, 92 and 77 % of the transcripts showed a <25 % coeffi cient of variation for PS 22 , PS 37 , PS 0 and PS 200 , respectively (Supplementary Fig. S1g ). The average values of these highly reproducible log 10 -transformed data sets were used for further analyses (Supplementary Tables S1, S2).
Changes in association of individual mRNAs with ribosomes in response to HS and SS
We evaluated the effects of HS and SS on the translation state of individual transcripts by the direct comparison of PS values between the stress condition and the corresponding control condition ( Fig. 2A, B ) , and by calculating the change in PS values upon HS (i.e. ∆ PS HS = log 10 PS 37 − log 10 PS 22 ) and SS (i.e. ∆ PS SS = log 10 PS 200 − log 10 PS 0 ) for each transcript (Supplementary Tables S1, S2). Since transcripts on the diagonal line in the scatter plots shown in Fig. 2A Tables S1, S2 ). These apparent decreases in PS values were also apparent in histograms of ∆ PS HS and ∆ PS SS values for the whole genome data set ( Fig. 2C, D ) , in which the majority of transcripts showed negative ∆ PS values, consistent with the global trend of polysome breakdown upon HS and SS ( Fig. 1A ) . On the other hand, the scatter plots and histograms described above also indicate Experimental strategy for monitoring changes in translation state and total cellular mRNA levels following exposure to HS and SS on a whole-genome scale. (A) Detergent-treated cell extracts were prepared from A. thaliana suspension-cultured cells treated with the indicated temperatures or concentrations of NaCl for 10 min, and fractionated over a 15-60 % sucrose density gradient into eight fractions of equal volume. Two independent biological samples were used for each condition, and a representative absorbance profi le of fractionated ribosomes is shown. The direction of sedimentation is from right to left. For translational profi ling, polysomal (P; fractions 1-3) and non-polysomal (NP; fractions 5-7) RNA pools were co-hybridized on an Agilent oligomicroarray. Immediately at the time of collection of a sucrose gradient, a known amount of Agilent Spike-In RNAs, Spike A mix and Spike B mix, was added to each fraction for the purpose of normalization (see main text and Materials and Methods). Total RNAs isolated from stress-treated and corresponding control cells were subjected to Agilent oligoarray for total cellular mRNA profiling. (B) Cell cultures treated with the indicated temperatures or concentrations of NaCl for 10 min and control cells were labeled with [ 35 S]methionine for the indicated times. To compare the radioactivity incorporated into proteins with those imported into the cells, aliquots of cell extracts containing equal radioactivity were subjected to 15 % SDS-PAGE, and 35 S-labeled proteins were detected by autoradiography. that some transcripts are recalcitrant to the global translational impairment induced by HS and SS, while others are hypersensitive. These differential changes in translation state in response to a short period of HS or SS are similar to those previously reported to be seen in response to drought and oxygen deprivation ( Kawaguchi et al. 2004 , Branco-Price et al. 2005 , Branco-Price et al. 2008 .
Our microarray data set was validated by quantitative real-time PCR (qRT-PCR) for a subset of transcripts which were selected to represent a wide range of ∆ PS and PS values. Some transcripts whose accumulated amount was increased upon HS were also selected based on the transcriptome analyses described later. Cell extracts subjected to polysome fractionation were fractionated into eight fractions, and relative amounts of specifi c transcripts present in each fraction were quantifi ed using qRT-PCR ( Fig. 3A ). When the PS 22 , PS 37 , PS 0 , PS 200 , ∆ PS HS and ∆ PS SS values determined by qRT-PCR were compared with the corresponding values determined by microarray analyses ( Table 1 ) , all values displayed high correlations ( r = 0.88-0.95) between the two independent methods ( Fig. 3B and Supplementary Fig. S2 ).
Genome-wide analysis of changes in total cellular mRNA levels in response to HS and SS
To gain insight into the genome-wide connection between cellular responses at the level of translation and total cellular mRNA abundance, we also used the Agilent oligoarray in a non-fractionated RNA (total RNA) transcriptome profi ling experiment comparing cells treated with 10 min of HS or SS and control cells ( Fig. 1A ) . We isolated total RNAs from two independent cell cultures for each condition (HS-control, HS-treated, SS-control and SS-treated cells) and determined the ratio of signal intensities for stress-treated over control cells with good reproducibility (Supplementary Fig. S1e-g ), hereafter termed 'expression scores' (ES HS and ES SS for HS and SS treatments, respectively). qRT-PCR on some transcripts validated the total RNA profi ling results by showing a high correlation of log 10 ES HS values ( r = 0.98) between the two experimental methods ( Supplementary Fig. S2c and Table 1 ).
We found that 209 and 225 transcripts increased by > 3-fold in total cellular mRNA levels following exposure to 10 min of HS and SS, respectively, with statistical signifi cance ( P < 0.05) in both replicated microarray analyses (Supplementary Table S3 ). Table 1 . Supplementary Fig. S3a and b display the histogram of the average value of log 10 ES HS and log 10 ES SS for two replicated microarray analyses. The observation that the variations of the changes in total cellular mRNA levels were narrower ( Supplementary Fig. S3a, b) than changes in translation state ( Fig. 2C, D ) imply that, although the changes in both total cellular mRNA levels and mRNA translation state occur early in response to HS and SS, translational control is likely to target a greater number of mRNA species than control of total cellular mRNA levels.
Relationship of the changes in translation state and steady-state mRNA levels following exposure to HS or SS
We compared changes in translation state upon HS and SS (i.e. ∆ PS HS and ∆ PS SS , respectively) with changes in steady-state mRNA levels upon HS and SS (i.e. log 10 ES HS and log 10 ES SS , respectively) for individual transcripts using our microarray data sets. No simple correlation was found between ∆ PS HS vs. log 10 ES HS ( Fig. 4A ) and ∆ PS SS vs. log 10 ES SS ( Fig. 4B ) by scatter plot analyses, suggesting that responses to HS and SS at the translational level are generally independent of those in the steady-state mRNA level. We came to a similar conclusion when we focused on HS-or SS-inducible genes, which are defi ned as the genes whose mRNA abundance increased by > 3-fold upon the corresponding stress in both replicated microarrays ( P < 0.05) (Supplementary Table S3 ). In Fig. 4C and D, we show the relative frequency histograms of ∆ PS HS and ∆ PS SS values, respectively, for the corresponding stressinducible transcripts as well as for all other transcripts in the whole genome set. The average ∆ PS HS value for HS-inducible transcripts ( − 0.62) was signifi cantly larger than that for all other transcripts ( − 0.77) ( P < 10 − 5 ) ( Fig. 4C ). There are likely to be at least two groups of HS-inducible transcripts; the fi rst group is recalcitrant to the global repression of polysome association induced by HS, and the second set obeys the general trend of global repression of polysome association. In contrast, the average ∆ PS SS value for SS-inducible transcripts ( − 0.39) was signifi cantly smaller than that for all other transcripts ( − 0.31) ( P < 0.01), indicating that the SS-inducible transcripts tend to be hypersensitive to reduced polysome association induced by SS ( Fig. 4D ). These results suggest that, in general, HS-and SS-inducible transcripts are not necessarily recalcitrant to global translational repression induced by their respective stresses. Transcripts induced but not actively translated under HS or SS might be an investment for adaptation to prolonged stress or for homeostasis after relief from the stress conditions. Branco-Price et al. (2008) identifi ed genes with similar patterns of transcript accumulation and translation in Arabidopsis seedlings in response to hypoxia stress using cluster analysis, and demonstrated a strong dichotomy between the two types of regulation. On the other hand, they also found an exceptional cluster to show strong concordant induction in transcript accumulation and translation. Fig. 3B and Supplementary Fig. S2 with AGI codes and their description.
Changes in polysome association of mRNAs encoding proteins with different biological functions in response to HS or SS
To gain insights into the roles of translational control in plant responses to HS and SS, we searched for groups of genes encoding proteins with similar biological functions (functional categories) that demonstrate a coordinated change in translation state in response to HS or SS by the use of Wilcoxon's P -value. Wilcoxon's P -value gives the probability of whether the response (or the distribution of indicators) of the genes in a given group is signifi cantly different from that of other genes in the whole genome set. These results underscore that HS-or SS-induced alterations in polysome association lead to differential regulation of specifi c biological functions, which might contribute to the cellular abiotic stress response. We also subjected the log 10 ES HS or log 10 ES SS values in our microarray data set to functional categorization and Wilcoxon's test, and found that the direct comparison of P -values of each functional category for ∆ PS HS and log 10 ES HS or ∆ PS SS and log 10 ES SS showed no simple correlation (Supplementary Fig. S5 ). These results suggest that differentially regulated functional categories at the translational level are not simply similar to those at the total cellular mRNA level, implying unique roles for translational control compared with transcriptional control in gene expression regulation during abiotic stress responses.
Comparison of changes in translation state in response to HS and SS at the level of individual transcripts
We next compared the changes in translation state imposed by HS and SS (i.e. ∆ PS HS and ∆ PS SS ) at the levels of individual transcripts, which demonstrated that the two indicators showed a relatively high correlation ( r = 0.66) ( Fig. 5A ), despite the difference in intensity of each treatment and types of treatments. This observation implies that the translational responses of individual transcripts to two distinct forms of stress are globally similar. The similarity of translational control between HS and SS contrasts with our earlier measurements of total cellular mRNA levels, where there was no such correlation. Log 10 ES HS plotted against log 10 ES SS showed a much lower correlation ( r = 0.18) of the two indicators ( Fig. 5B ), compared with ∆ PS HS and ∆ PS SS . Consistent with this lower correlation, out of 209 HS-inducible and 225 SS-inducible transcripts, only about 10 % ( n = 22) overlapped (Supplementary Table S3 ). This difference might refl ect greater diversity of factors related to transcriptional control than those related to translational control. The moderate similarity of the translational responses to HS and SS suggests that similar mechanisms might underlie the translational control of a wide range of transcripts under these two stress conditions. The mechanism that underlies discrimination between repressed and non-repressed transcripts under abiotic stress conditions is not fully understood, although features of the 5 ′ untranslated region of mRNA ( Pitto et al. 1992 Pierrat et al. 2007 ) are likely to be involved. Plants differ from animals in their response to HS ( Schneider 2000 ) in that no change was observed in the phosphorylation state of eIF4E isoforms and eIF2 α following exposure to heat stress ( Gallie et al. 1997 ) . Alterations in the phosphorylation state of eIF4B, eIF4A and probably eIF4G occur in wheat seedlings following exposure to HS ( Gallie et al. 1997 , Le et al. 2000 , but almost nothing is known about changes in the phosphorylation state of plant proteins under high salinity conditions. Oxygen deprivation, HS and cold stress reduce the accumulation of hyperphosphorylated isoforms of ribosomal protein S6 (RPS6), but SS and osmotic stress do not do so reproducibly ( Turck et al. 1998 , Williams et al. 2003 . It is clear that distinct abiotic stress signaling pathways share components, resulting in cross-talk and convergence at various steps ( Fujita et al. 2006 ) . These features lead to some common outputs Knight, 2001 , Chinnusamy et al. 2004 ) , with a typical example being the overlap between transcripts induced by distinct abiotic stresses ( Seki et al. 2002 , Takahashi et al. 2004 ). The similar output of translational responses to HS and SS raises the possibility that certain components of global translational control may function as convergence points or downstream of common elements shared between the HS and SS response pathways. Some potential common elements Table S4 ) were imported into the MapMan and PageMan applications, and Wilcoxon's P -values (adjusted using the Benjamini and Hochberg correction) were calculated for each category (Supplementary Table S5) . A positive or negative value is assigned to each P -value, depending on whether the average value in the category is larger or smaller than those of the remaining genes. The P -values for ∆ PS HS and ∆ PS SS (C) or for log 10 ES HS and log 10 ES SS (D) were converted to log 10 scale and plotted against each other. Log 10 -transformed P -values > 20 or less than − 20 were compressed to 20 or − 20, respectively. The dotted line represents the P -value of 0.05 or − 0.05.
are reactive oxygen species, hormones ( Fujita et al. 2006 ) or energy signals regulated by energy sensor protein kinases ( Baena-González et al. 2007 ) , which are known to be induced by various abiotic stresses ( Fujita et al. 2006 , Baena-González and Sheen 2008 ) . In contrast, reasons for similar, but not identical, changes in polysome association of individual transcripts in response to HS and SS are expected to be multifarious. Differences might be attributed to distinctions in intensity of each treatment. Additionally, distinctions in translation factors and/or RNA-binding proteins engaged in translational control and in modifi cations of those factors and/or proteins might contribute to the differences in responses to HS and SS. For example, the modifi cations of RPS6 are known to be different in plants under HS and SS conditions ( Turck et al. 1998 , Williams et al. 2003 .
Comparison of changes in translation state in response to HS and SS at the level of functional categories
We also compared the changes in translation state imposed by HS and SS at the level of functional categories. Wilcoxon's P -values with Benjamini and Hochberg correction for each functional category for ∆ PS HS and ∆ PS SS (summarized in Supplementary Table S5) were directly compared ( Fig. 5C ). These comparisons showed that more functional categories are likely to show similar translational responses to HS and SS ( Fig. 5C ; also see Table 2 ) compared with responses at the level of total cellular mRNA abundance ( Fig. 5D and Supplementary Table S6 ). These results imply that translational control might play a more general (less stress-specifi c) role which is common to responses to HS and SS, compared with the control at the total cellular mRNA levels. We found 13 functional categories to be recalcitrant to global translational repression upon both HS and SS, and those related to stress, chromatin (histone), transcriptional regulation, and protein degradation via ubiquitin E3 were among these categories ( Table 2 ). Because damaged proteins are toxic to cells, regulation of protein degradation is suggested to play an important role in the survival of cells under abiotic stress including HS and SS ( Sahi et al. 2006 , Huang and Xu 2008 ) . For example, decreased 26S proteasome accumulation is hypersensitive to HS, which causes protein misfolding ( Kurepa et al. 2008 ) . When Wilcoxon tests were conducted on the genome-wide analyses of translational control in Arabidopsis leaves exposed to 12 h of dehydration stress in a previous report (Supplemenatray Table S7 ), we found nine functional categories to be recalcitrant to global translational repression (Supplementary Fig. S6) . Interestingly, the functional groups for transcriptional regulation and protein degradation via ubiquitin 
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E3 were among the nine categories ( Table 2 ), suggesting that these two categories might be recalcitrant to translational repression independent of plant material, methodology, and type and duration of stress treatment, and hence may be crucial general processes in abiotic stress response. Some recalcitrant functional categories common to both HS and SS, such as those related to histone and 60S ribosomal protein subunit L41 ( Table 2 ) , might provide insight into the importance of regulation of those functions in plant stress responses, and therefore merit further investigation. We also found some functional categories to be recalcitrant to repression in a stressspecifi c manner. The functional category related to phospholipase D, which is involved in the salicylic acid-mediated signaling pathway under HS response in Arabidopsis ( Larkindale et al. 2005 , Krinke et al. 2009 ), was found to be recalcitrant to repression in response to HS (Supplementary Fig. S4 ). We also found the functional categories related to receptor kinase to be recalcitrant to repression in response to SS ( Supplementary  Fig. S4) . A recent study demonstrated that a leucine-rich repeat receptor-like kinase plays a role in mediating early events in the response of Medicargo truncatula to salt stress ( de Lorenzo et al. 2009 ). In addition, a few reports suggest potential roles of receptor kinases in abiotic stress responses in Arabidopsis ( Hong et al. 1997 , Osakabe et al. 2005 . Twenty-four functional categories were found to be hypersensitive to global translational repression under both HS and SS conditions ( Table 2 ). When functional categories hypersensitive to translational repression were compared among different microarray data sets, those related to protein synthesis, especially ribosomal proteins, were commonly identifi ed for all of the microarray data sets analyzed [i.e. dehydration stress reported by Kawaguchi and Bailey-Serres (2005) , HS and SS] ( Table 2 ). Wilcoxon's P -value gives the probability of whether the average value of each indicator among genes in a functional group is signifi cantly higher (blue) or lower (pink) than the average values of all other genes in the whole genome set. Functional categories which are found to be recalcitrant or hypersensitive to at least two different stresses analyzed are given with their BIN names and BIN codes by collapsing non-signifi cant categories. The complete analyses are displayed in Supplementary Figs. S4 and S6. PS, photosynthesis; PR-proteins, pathogenesis-related proteins; misc, miscellaneous; SCF, Skp1-Cul1-F-box-protein.
a Microarray data sets reported by Kawaguchi and Bailey-Serres (2005) were used ( http://bioinfo.ucr.edu/projects/arab_ribosome/search.php ).
A signifi cant decrease in polysome association of mRNAs encoding ribosomal proteins was observed in Arabidopsis in response to mild dehydration, oxygen deprivation and sucrose starvation ( Kawaguchi et al. 2004 , Branco-Price et al. 2005 , Nicolai et al. 2006 , Branco-Price et al. 2008 . Because protein synthesis is one of the most energetically costly processes, this is consistent with the view that global translational repression, especially the repression of ribosome biogenesis, is an important mechanism of energy conservation under adverse conditions ( Proud 2007 , Branco-Price et al. 2008 . On the other hand, HS and/or SS induces the hypersensitive response for other functional categories, such as those related to photosynthesis, the Calvin cycle, the cell wall, lipid metabolism, amino acid metabolism, nucleotide metabolism, and p-and v-ATPase ( Supplementary  Fig. S4 ), suggesting that intense repression of translation of some transcripts may have consequences beyond energy conservation on plants undergoing abiotic stress.
Conclusion
The present study highlights the signifi cant contribution and fundamental roles of translational control in plant abiotic stress responses. In addition to contributing to energy conservation, the dynamic, selective translation and repression of translation of specifi c subsets of transcripts is likely to infl uence multiple aspects of gene expression during stress responses in a different manner from transcriptional control. Further characterization of translational control, such as how the 5 ′ untranslated region determines selection or which protein factors are involved in the translational response of an mRNA to abiotic stresses, could provide a wealth of information to aid in elucidating complex gene regulatory networks in the plant stress response, and may contribute to the development of novel strategies to improve plant stress tolerance via genetic manipulation.
Materials and Methods
Plant material, culture conditions and stress treatments
Aradidopsis thaliana suspension cell strain T87 ( Axelos et al. 1992 ) was cultured in modifi ed LS medium ( Nagata et al. 1992 ) with constant agitation at 120 r.p.m. at 22 ° C under a 16 h light/8 h dark photoperiod. Stress-treated and respective control cells were prepared from the same batch of 3-or 4-day-old cultured cells. Cultured cells were incubated for 10 min in a water bath set at 37 ° C for HS treatment or at 22 ° C for the control treatment, or treated with 200 mM NaCl by adding 5 M NaCl at 1 : 25 dilution to the culture medium for SS treatment. An equivalent volume of water was added for the control treatment for SS treatment. SS-treated and corresponding control cells were incubated at 22 ° C for 10 min and washed with 180 mM mannitol solution that was iso-osmotic relative to the culture medium ( Nakayama et al. 2000 ) . At least two independent biological replicate samples were used for individual analyses.
Polysome fractionation assay
Polysomes were fractionated by sucrose density gradient centrifugation as described previously ( Davies and Abe 1995 ) with minor modifi cations. Approximately 0.3 g of stress-treated or corresponding control cells were harvested by suction fi ltration and pulverized in liquid nitrogen with a mortar and pestle. The resulting frozen powder was homogenized in 1.5 ml of buffer U (200 mM Tris-HCl, pH 8.5, 50 mM KCl, 25 mM MgCl 2 , 2 mM EGTA, 100 µg ml − 1 heparin, 2 % polyoxyethylene 10-tridecyl ether and 1 % sodium deoxycholate) and centrifuged at 15,000 × g for 10 min at 4 ° C. Aliquots of supernatant were layered on 4.6 ml of a 15-60 % sucrose density gradient in buffer B (50 mM Tris-HCl, pH 8.5, 25 mM KCl and 10 mM MgCl 2 ) and centrifuged at 55,000 r.p.m. for 50 min at 4 ° C in an SW55 rotor (Beckman Coulter, Fullerton, CA, USA). The gradient was collected from the bottom using a peristaltic pump with simultaneous recording of absorbance profi les at 254 nm using a UV monitor (Monitor UV-1; GE Healthcare, Buckinghamshire, UK).
In vivo metabolic labeling
Suspension-cultured cells (approximately 220 µg FW ml − 1 ) were labeled with [ 35 S]methionine at a fi nal concentration of 62.5 nCi µl − 1 for 15 or 50 min after treating the cells with heat (37 ° C), salt (200 mM NaCl) or the respective control treatments for 10 min. Cycloheximide (CHX) was added to the culture medium at a fi nal concentration of 50 µg ml − 1 to stop further protein synthesis, and cells were washed three times with culture medium containing 50 µg ml − 1 CHX. Collected cells were frozen in liquid nitrogen and lysed, using sea sand (Nakarai Tesque, Kyoto, Japan) and a plastic pestle, in a solution containing 0.1 M Tris-HCl (pH 8.0), 0.1 M NaCl, 5 mM EDTA, 10 mM β -mercaptoethanol and 2.5 mM phenylmethylsulfonyl fl uoride. After removing cell debris by centrifugation, the supernatant was mixed with SDS sample buffer and boiled. The radioactivity in each supernatant was counted with a LS6500 liquid scintillation counter (Beckman Coulter), and an aliquot of extracts containing equal radioactivity was subjected to 15 % SDS-PAGE. Vacuum-dried gels were autoradiographed and 35 S-labeled proteins were detected with a BAS-2500 Bio-Imaging analyzer (Fujifi lm, Tokyo, Japan).
RNA isolation from sucrose gradients
For qRT-PCR analysis, cell lysate separated through a 15-60 % sucrose density gradient was fractionated into eight fractions of approximately 650 µl each. Guanidine hydrochloride at a fi nal concentration of 5.5 M, together with 5 ng of in vitro synthesized capped, polyadenylated Renilla luciferase ( r-luc ) mRNA ( Matsuura et al. 2008 ) , was preliminarily added to each collection tube. The r-luc mRNA was used as an external control to correct for varying effi ciencies of subsequent RNA isolation and RT-PCR processes. RNA was precipitated from each fraction by the addition of an equal volume of ethanol, overnight incubation at − 20 ° C and centrifugation at 10,000 r.p.m. for 45 min in a JA-20 rotor (Beckman Coulter). The resulting precipitate was washed with 80 % ethanol. Subsequent RNA purifi cation was performed using an RNeasy kit (Qiagen, Hilden, Germany) with on-column DNase I treatment according to the manufacturer's instructions. RNA was eluted by 30-50 µl of RNase-free water. Equal volumes of RNA solution from each fraction were subjected to qRT-PCR analysis. For microarray analysis, RNA was isolated from sucrose gradients as described above for qRT-PCR analysis with some modifi cation. First, fractions 1-3 (polysome fraction) and 5-7 (non-polysome fraction) out of eight fractions were individually collected and pooled into tubes containing guanidine hydrochloride (fi nal concentration, 5.5 M) (direction of sedimentation is from fraction 8 to fraction 1). For external controls, equal volumes (2-5 µl) of Spike A and Spike B Mix (Two-Color RNA Spike-In Kit; Agilent Technologies, Palo Alto, CA, USA) were added to polysome and non-polysome fractions, respectively, concomitantly with the collection of the sucrose gradient. Each spike-in mixture contains 10 in vitro synthesized, polyadenylated transcripts at various pre-determined ratios. These transcripts are derived from the adenovirus E1A transcriptome and are represented by corresponding spots on the Agilent oligoarray used in this study. Eluted RNA solution from RNeasy mini spin columns was further subjected to LiCl precipitation by the addition of LiCl at a fi nal concentration of 1.5 M, followed by centrifugation. After ethanol precipitation, the RNA pellet was resuspended in RNase-free water. RNA integrity was examined with an Agilent Bioanalyzer 2100 (Agilent Technologies).
Isolation of total RNA
Approximately 0.1 g of cultured cells was harvested and pulverized as described above for the polysome fractionation assay. First, total RNA was isolated from the resulting frozen powder using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) followed by RNeasy mini spin columns (Qiagen) with oncolumn DNase I treatment. The reagents and kit were used according to the manufacturer's instructions. RNA integrity was examined with an Agilent Bioanalyzer 2100 (Agilent Technologies).
qRT-PCR analysis
qRT-PCR analysis was performed as described previously ( Matsuura et al. 2008 ) . Briefl y, cDNAs were synthesized at a 20 µl reaction scale with equal volumes of RNA solution (typically 1-2 µl) from each gradient fraction or 1 µg of total RNA using a Transcriptor First Strand cDNA Synthesis Kit (Roche Applied Science, Mannheim, Germany) with anchored oligo(dT) 18 primers. PCR was performed using 1 µl of a 1 : 10 dilution of fi rst-strand cDNA, LightCycler 480 SYBR Green I Master (Roche Applied Science) and gene-specifi c primer sets (Supplementary Table S8 ) in a LightCycler 480 (Roche Applied Science). Melting curve analysis was carried out for each primer set to verify the presence of a single melting peak after amplifi cation. 'No cDNA' samples (water) and 'no RT' samples were included as negative controls.
DNA oligonucleotide microarray hybridization and scanning
Fluorescent cRNA was generated from polysomal and nonpolysomal RNA or total RNAs from stress-treated and control cells using a Low RNA Input Fluorescent Linear Amplifi cation Kit (Agilent Technologies). A 500 ng aliquot of RNA was subjected to reverse transcription using MMLV reverse transcriptase and an oligo(dT) primer containing the T7 promoter, and subsequently in vitro transcribed using T7 RNA polymerase, resulting in Cy3-labeled and Cy5-labeled cRNAs. The cRNA was purifi ed using RNeasy mini spin columns (Qiagen). Polysomal RNAs and total RNAs derived from stress-treated cells were labeled with Cy3, and non-polysomal RNAs and total RNAs derived from the control cells were labeled with Cy5. Mixtures of 0.85 µg of Cy3-labeled and Cy5-labeled cRNAs (either polysomal and non-polysomal RNAs derived from an identical cell lysate or total RNAs from stress-treated and corresponding control cells) were co-hybridized at 65 ° C for 17 h on an Agilent Technologies 4 × 44K Arabidopsis 3 60mer oligo microarray. The slide was washed and scanned with an Agilent G2505 Scanner (Agilent Technologies) at a pixel resolution size of 5 µm to detect fl uorescence intensity. Hybridizations were performed using two independent biological replicate samples.
Microarray data analysis
The fl uorescent intensity of individual features (spots) on scanned images was quantifi ed and corrected for background signal using Feature Extraction software (Agilent Technologies) . To analyze only microarray data of high quality, we evaluated the reproducibility of the microarray analyses according to the manufacturer's publication ( http://www.chem.agilent.com/ Library/technicaloverviews/Public/5988-8611EN.pdf ), and only features that passed three criteria were used for further analysis. Features fl agged in Feature Extraction software as non-uniform (IsFeatNonUnifOL and IsFeatPopnOL fi eld), saturated (IsSaturated fi eld) or low signal (IsWellAboveBG fi eld) in either of the two biological replicates were omitted. Total RNA profi ling data were normalized using a Linear and LOWESS method, which is the default method for normalizing Agilent microarrays. This method performs a linear normalization, and then applies a non-linear LOWESS normalization to remove potential dye bias. Polysomal RNA profi ling data were normalized via a Linear and LOWESS method followed by spike-in normalization utilizing a Two-Color RNA Spike-In Kit (Agilent Technologies). As described above, since 10 in vitro synthesized E1A transcripts were added to each fraction in various predetermined ratios concomitantly with the collection of a sucrose gradient, their signal ratios between two fractions can be used to monitor variation in preparation steps such as RNA isolation, reverse transcription, sample amplifi cation, dye labeling or hybridization. High correlations of observed and expected log ratios for these spike-in RNAs were observed for all microarray analyses (data not shown). Out of 10 spike-in RNAs, two (E1A_r60_1 and E1A_r60_a20 RNAs, whose expected ratios are 1 : 1) were used for spike-in normalization. Thirty-two spots are spotted on the microarray for each spike-in RNA. For total RNA profi ling, the ratio of the intensity value in the stress sample (Cy3) over that in the control sample (Cy5) was calculated for features that passed the above criteria: this was defi ned as the expression score (ES). For polysomal RNA profi ling, the ratio of the intensity value in the polysomal RNA sample (Cy3) over that in the non-polysomal RNA sample (Cy5) was calculated, and defi ned as the translation state or polysome score (PS). The average of log 10 -transformed (Cy3/Cy5) values was calculated for genes mapped on more than two features on an array, and then for the two biological replicates.
Functional classifi cation and statistical signifi cance test
Our microarray data sets and those provided by Kawaguchi and Bailey-Serres (2005) ( http://bioinfo.ucr.edu/projects/arab_ ribosome/search.php ) were imported into PageMan (version 0.12) ( Usadel et al. 2006 , http://mapman.mpimp-golm.mpg.de/ pageman ) or MapMan (version 2.2.0) software ( Thimm et al. 2004 , Usadel et al. 2005 , http://gabi.rzpd.de/projects/MapMan /), and Wilcoxon's P -values with Benjamini and Hochberg correction and average data values of genes in individual functional categories or BINS were calculated. The results of Wilcoxon tests were visualized using the PageMan application. 'Ath_AGI_ TAIR8' was used as a mapping fi le ( http://gabi.rzpd.de/ database/java-bin/MappingDownloader ) for MapMan and PageMan analyses. Only genes having no identical locus AGI (Arabidopsis Genome Initiative) codes on the microarray were subjected to assignment procedures in microarray data sets.
Accession numbers
Microarray data sets are available on the public CIBEX database (Center for Information Biology gene EXpression database) in the DDBJ (DNA Data Bank of Japan) with accession number CBX69 ( http://cibex.nig.ac.jp/index.jsp ).
Supplementary data
Supplementary data are available at PCP online. 
